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RECEIVED DATE 
Colloidal carbon spheres were synthesized by the carbonization of squalane, a nonvolatile 
hydrocarbon solvent, in supercritical carbon dioxide. Precise pressure modulation of the fluid 
medium led to size controlled growth of carbon spheres ranging from 300-1500 nm in 
diameter. This unique synthetic approach of carbonizing a hydrocarbon suspension in 
supercritical fluid is found to suppress any particle aggregation, resulting in excellent sphere 
monodispersity. Core-shell hybrid structures of C-Ge were subsequently formed by inducing 
the growth of 10-40 nm sized germanium nanocrystals from the spheres in a hierarchical 
bottom-up approach. Extensive characterization of the spheres and nanocrystals was 
conducted using transmission and scanning electron microscopy, X-ray diffraction, X-ray 
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photoelectron spectroscopy, Raman and thermogravametric analysis. Assemblies of 
nanocrystal modified carbon colloids impart outstanding superhydrophobic properties due to 
the combined nano- and micro-structuring of the particle arrays. 
Keywords: Hybrid Materials, Superhydrophobic Surfaces, Surface Modification, Colloids. 
 3 
1. Introduction 
Sub-micrometer sized colloidal spheres have attracted significant research interest due to 
wide application in photonics, separation science, catalysis and energy materials.
1-4
 
Subsequent formation of uniform coatings on the colloid core can allow physical properties 
of the surface to be tailored to a desired functionality.
5
 As examples, silver and gold 
nanoparticles coated onto colloidal spheres result in plasmonic resonances which can be 
modulated by the degree of metal coverage, whereas coatings of palladium and immobilized 
conductive polymers endow ultrasensitive electrical sensing capabilities.
6
 An additional 
aspect is the raspberry-like texture of nanocrystal coatings on colloids leading to  applications 
as superhydrophobic layers (double roughness effect),
7
 heterogeneous catalysts (high surface 
area)
8
 and separation media (surface polarity functionalization).
9
 To-date, the colloid spheres 
used most predominantly are either silica or polymer based (polystyrene, PMMA), which 
stems from the well understood process of emulsion polymerization, where ease of 
nucleation, size control and subsequent functionalization has been demonstrated.
10
 However, 
extension of colloid formation to other materials on a similar scale has remained elusive due 
to the difficulty in replicating particle size growth in the sub-micrometer range with non-
polymeric materials. 
 Carbon is of particular interest as its current applications with catalyst supports, lithium 
ion batteries and super-capacitors would all greatly benefit from a colloidal sphere 
morphology.
11,12
 Recently, Tang et al. formed porous carbon colloids by the carbonization of 
glucose under hydrothermal conditions (190°C) and subsequently demonstrated their use as 
supports for metal nanoparticle loading.
13
 While hydrothermal conditions may favor a 
hydrophilic surface functionality, colloids are often low in yield as well as density given the 
mild reaction temperatures. The low density of such colloidal supports can lead to increased 
structural deformation during nanoparticle modification, which reduces their overall 
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suitability. More stable carbon structures typically require higher temperatures of nucleation 
which can exceed 1000°C in the case of amorphous carbon black, while the additional 
presence of metal catalysts is often needed for crystalline sp
2
 carbons of fullerene, graphene 
and nanotubes.
14,15
 Gas phase syntheses have been restricted in the formation of sub-
micrometer amorphous carbon solids as there is no confinement of growth to a size scale 
similar to emulsion droplets of a liquid phase. In this respect, supercritical fluids are an 
attractive alternative to liquid or gas phase growth, allowing elevated nucleation temperatures 
to be attained in a fluid medium whose solubilizing and diffusive properties can be readily 
tailored through pressure modulation. This is clearly evident from the increasing number of 
reports seen over the last number of years which have outlined the supercritical based 
fabrication of various nanostructured materials, including several high temperature species 
such as Si and Ge nanowires and carbon nanotubes.
16-18
 In recent work, Li et al. successfully 
synthesized high surface area porous carbon nanocages by the deposition of p-xylene over a 
Co/Mo catalyst in supercritical carbon dioxide at ~700°C.
19
 The combination of catalyst and 
high temperature resulted in partial amorphous carbon and partial sp
2
 graphene formation for 
a high surface area cage like material. While a myriad of different supercritical techniques 
have yielded both isotropic and anisotropic nanocrystals, to-date only a single study 
demonstrates sub-micrometer spherical colloid growth, comprising of amorphous silica in a 
thermolytic reduction of organometallic precursors with supercritical hexane.
20
 However, 
when commuting such techniques to a scaled-up process, the use of volatile organic solvents 
can hinder suitability due to safety and environmental considerations.  
Herein, we introduce a facile route to stable monodisperse amorphous carbon spheres by 
carbonizing a high boiling point solvent squalane in sc-CO2 at 550°C, without the 
requirement of a catalyst. The high temperatures induce polymerization and carbonization of 
the hydrocarbon while the pressure stabilizes sphere formation and negates particle 
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aggregation. Exact modulation of the pressure allowed size control of the amorphous carbon 
sphere diameters from 300 to 1500 nm. The subsequent addition of an organometallic 
germane precursor was used to induce the nucleation and growth of 10-40 nm sized 
nanocrystals of Ge across the surface of the spheres. We have recently shown that 
decomposition of organogermane/silane precursors in both vapor phase and supercritical 
systems results in spontaneous nucleation of nanocrystalline structures without the 
requirement for catalyst particles.
21,22
 Here the carbon colloids act as preferential sites for 
nanocrystal nucleation with the extent of nanocrystal coverage and density shown to be a 
function of precursor concentration. The addition of the organometallic precursor also serves 
to induce a phase change in the spheres from amorphous carbon to a crystalline graphitic 
phase. The unique hydrophobic nature of the resulting carbon spheres is correlated to their 
predominant hydrocarbon surface functionality while assemblies of nanocrystal modified 
spheres are found to be superhydrophobic, with contact angles of 165-170° being observed. 
 
2. Experimental Section 
All chemicals were used as received unless otherwise stated. The nonvolatile solvent, 
squalane (99%) was received from Sigma-Aldrich. Tetraethylgermane (TEG) (97%) was 
supplied by Gelest and stored in a nitrogen filled glove box from where it was dispensed. 
Experiments were conducted using liquid carbon dioxide from BOC (99.85%) and the 
reaction cells, stainless steel tubing and connections were all supplied by High Pressure 
Equipment Co. A Teledyne model 260D computer controlled syringe pump was used to 
pressurize the system, which was designed in a similar manner to previously reported work.
23
 
All experiments were conducted using an Applied Test Systems Inc. model 3210 3-zone 
heating furnace (Supporting Information, S1), which was employed to regulate the 
temperature to an accuracy of +/- 5°C. Colloidal carbon spheres were synthesized by 
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carbonization of squalane, at a temperature of 550°C and pressures of 10-52 MPa of sc-CO2. 
Reactions were generally carried out in 120 ml, 316 stainless steel, high pressure reaction 
cells. 
In a typical synthesis of 500 nm diameter carbon spheres, a reaction vessel was loaded with 
1 ml of squalane in a glove box environment. All cells were sealed under nitrogen before 
removal and connection to a supercritical pump using ⅛ inch stainless steel high-pressure 
tubing. Liquid CO2 was then pumped into the reaction cell and the pressure was increased 
above its critical point to 31 MPa. The 3-zone heating furnace was preheated to 565°C, 15°C 
above the required reaction temperature of 550°C, prior to inserting the reaction cell. All 
parameters were kept constant for the preceding period of 45 minutes, after which the furnace 
was opened and cooled to room temperature before venting of CO2. A black powder 
containing the yield of amorphous carbon spheres was observed upon completion of a 
synthesis and could be collected from the reaction vessel using portions of toluene. Ge 
nanocrystal growth from colloidal carbon spheres was achieved by loading a syringe pump 
with 100 µl of TEG dispersed in 0.5 ml of squalane prior to synthesis. Carbon spheres were 
prepared as normal, however upon completion of their growth the system temperature was 
subsequently raised to 650°C followed by an injection of the organo-metallic precursor and a 
further two hours of reaction time. Once the system had cooled to room temperature the sc-
CO2 was vented from the reaction cell and 10-20 ml portions of toluene were used to collect 
samples of C-Ge core-shell nanostructures, which exhibited a purple color in solution. All 
samples were sonicated and then centrifuged 3-4 times at 4500 rpm for 10 minutes, removing 
any residual solvent with the discarded supernatant. 
The scanning electron microscopy (SEM) images of samples were obtained with a Hitachi 
SU-70 system, operated at 3-20 kV. The transmission electron microscopy (TEM) images of 
samples and the corresponding selected area electron diffraction (SAED) patterns were taken 
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on a JEOL JEM-2011 electron microscope operated at an accelerating voltage of 200 kV 
using a LaB6 filament. The scanning transmission electron microscopy (STEM) was 
conducted with a JEOL JEM-2100F field emission electron microscope and was used for 
high angle angular dark field (HAADF) imaging. Energy dispersive X-ray (EDS) analysis 
was performed with an Oxford Instruments INCAPentaFET-x3 system during SEM analysis. 
This analysis was conducted with a sapphire Si(Li) detector using a 30 mm
2
 detecting crystal. 
X-ray diffractograms were recorded on a PANalytical X’Pert PRO MPD multi-purpose x-ray 
diffractometer, using a Cu-Kα radiation source and X'Celerator detector. XPS was performed 
in a Kratos AXIS 165 spectrometer using monochromatic Al-Kα radiation of energy 1486.6 
eV. Particle sizing was performed in a 25°C temperature controlled chamber using a 
Brookhaven Instruments Corporation Zeta Potential Analyzer with a 15mW solid state laser 
and employing a 90Plus/BI-MAS particle sizing program. Optical contact angle and surface 
tension measurements were conducted with a KSV CAM 200. Thermogravametric analysis 
(TGA) of carbon spheres was performed on a Setaram Labsys TG-DTA/DSC. About 25 mg 
of dried sample was placed in alumina pans under either a nitrogen or air gas flow of 50 
cm
3
/min. The samples were kept at 30°C for 10 min before being heated to 900°C at 10 
K/min. Raman spectra were recorded on a Dilor XY Labram spectrometer equipped with a 20 
mW ArHe laser and a Peltier cooled CCD detector.  
 
3. Results and Discussion 
The SEM image in Figure 1a shows a dense area of carbon spheres, produced by the 
thermal decomposition of squalane at 550°C in 41.5 MPa of sc-CO2 and deposited across a 
silicon surface. The as-synthesized spheres are monodisperse and are generated in high yield. 
The enhanced solubility possible when nonvolatile solvents such as squalane is added to sc-
CO2 are known.
24
 In this study, squalane is used to saturate sc-CO2 prior to heating the 
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system to levels where the hydrocarbon spontaneously carbonizes. Given the lack of particle 
aggregation, it would seem that the spherical shape of polymerized solvent was preserved by 
the stabilizing properties of the supercritical fluid during carbonization. The magnified image 
inset to Figure 1a shows a hexagonally closed packed arrangement of colloidal carbon 
spheres. By varying the colloidal concentration to solvent ratio, single or multi layers of 
closely packed spheres could be self-assembled by simple drop-cast methods (Supporting 
Information, S2). The bright field STEM image of Figure 1b highlights the uniform density 
of the amorphous spheres, with no hollow structures being identified. Both SEM and STEM 
analysis revealed indentations and texturing across the external surface of the spheres. To 
investigate if this texturing revealed a porous framework, BET surface area analysis was 
conducted upon powder samples of carbon spheres (Supporting Information, S3). Using the 
Brunauer-Emmett-Teller (BET) model and density functional theory (DFT), calculations for 
specific surface area and total pore volume gave values of 46 m²/g and 0.078 cc/g 
respectively. While these figures are relatively low for a porous type material, the higher than 
theoretical value (~1.5 m
2
/g) for the total surface area would suggest that the spheres 
prepared in sc-CO2 are not entirely solid carbon black. The difference between the values for 
measured and calculated surface area is most likely a combination of high surface roughness 
across the spheres and to a lesser extent surface pitting, which is evident in the low pore 
volume values. The uniform amorphous nature of the carbon spheres is further emphasized in 
the TEM image of Figure 1c where several spheres stacked upon each other demonstrated no 
visible fringing indicative of crystalline material. 
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Figure 1. SEM image (a) shows a dense layer of carbon spheres deposited across a silicon 
substrate. The magnified region inset, illustrates a hexagonal closed packed arrangement of 
spheres. The STEM and TEM micrographs (b,c) highlight the amorphous nature of the 
carbon spheres. 
In an effort to determine the predominant carbon composition of colloidal samples, the 
decomposition temperature range of the dried material was determined using TGA, 
preformed in both nitrogen and air atmospheres. Figure 2a compares the change in total mass 
of carbon samples whilst being heated to 900°C in atmospheres of nitrogen (curve 1) and air 
(curve 2). As is evident in curve 1, the samples display excellent stability in an inert 
atmosphere with a calculated weight loss of only 4.85% when heated to 900°C. The small 
loss of mass may be as a result of residual hydrocarbon material being vaporized off during 
heating. When heated in air, colloidal samples demonstrated resistance to oxidation below 
600°C after which a sharp drop in mass was observable at approximately 610°C. The 
steepness of the slope from the onset of oxidation to complete decomposition of the sample at 
approximately 750°C is indicative of amorphous, carbon black material.
25
 The high resistance 
to oxidation is also a good indicator of the purity of the sample as metal contaminants are 
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well known for their catalytic behavior toward gasification of carbonaceous compounds.
26
 
Accurate modulation of size in evolving carbon sphere was achieved by adjusting the 
pressure applied to the system during synthesis, altering both the diffusivity and solubility 
properties of the fluid. The graph shown in Figure 2b outlines the resulting average diameter 
recorded for carbon spheres with respect to system pressure. The particle size of solvent 
suspended colloidal carbon spheres was measured using photon-correlation spectroscopy 
(PCS). The range of values shown at each individual pressure value correspond to ten 
significant measurements taken from each of the different colloidal suspensions. The mean 
values, calculated from each set of ten measurements, were plotted with a trend line to show 
the inverse relationship between pressure and particle diameter. It can be seen that diameters 
decrease with increasing system pressure from 1500 nm at 10 MPa to 480 nm at 52 MPa. The 
higher pressures of synthesis were also found to afford larger yields of colloidal spheres, 
which can be directly related to the higher solubility properties of a supercritical fluid at 
elevated pressures. 
 
 
Figure 2. Graph (a) shows the TGA collected from carbon spheres analyzed in a nitrogen (1) 
and air (2) atmosphere. The size distribution graph (b) illustrates the variation in carbon 
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sphere diameter with respect to supercritical fluid pressure. Typical error bars and SEM 
image of monodisperse colloidal carbon spheres are shown. 
Further modification of the colloidal carbon was investigated with a view to exploiting the 
surface pitting on the spheres as possible nucleation sites for Ge nanocrystal growth. The 
thermal decomposition of silane and germane precursors in supercritical fluids is a well-
established technique of nanocrystal fabrication
27
 and as a result was explored with the 
injection of organometallic precursors to the fluid system of suspended carbon spheres for 
several different phenyl, chloro and alkyl-germane derivatives. While the decomposition of 
tetraethylgermane was achievable at temperatures as low as 500°C in a pressurized system of 
inert sc-CO2, the heterogeneous reaction of Ge nanocrystal growth on carbon spheres did not 
occur. Consequently, higher temperatures of 650°C were employed to drive the surface 
nucleation of Ge crystallites. As can be observed from the SEM and TEM images of Figure 
3a-b, the growth of 10-40 nm sized nanocrystal proceeds in a random manner across the 
surface of the carbon spheres. It is also worth noting that the outer shells of the spheres 
appear to be denser in mass than the inner carbon core. The presence of Ge nanocrystals on 
the surface of the carbon spheres was confirmed by EDS analysis (Supporting Information, 
S4) which was also used to identify native oxide and carbon in the samples. Although 
supercritical fluids are known for their high diffusivity properties,
28
 subsurface crystal growth 
was not found to occur, possibly due to the low porosity of the carbon spheres. The TEM 
analysis shown in Figure 3c and 3d of individual nanocrystals identified several different 
cubic and triangular morphologies while a smaller percentage of rod-shaped structures were 
also observed (Supporting Information, S5). The corresponding dark field micrograph, Figure 
3d, highlights the single crystal nature of these nanoparticles which were found to be securely 
embedded into the large amorphous carbon structure, even after extensive sonication. 
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Figure 3. Scanning (a) and transmission (b) electron micrographs illustrate the extent of Ge 
nanocrystal growth from carbon spheres. Different morphologies of Ge nanocrystals are 
highlighted in the bright field TEM images (c) and (d) and the corresponding dark field 
micrograph (e). 
The Raman spectra outlined in Figure 4 were collected from samples of carbon spheres 
before and after surface modification with Ge nanocrystals. As is evident in pattern (A), all 
unmodified carbon spheres produced at different pressure conditions exhibited two 
characteristic Raman peaks at approximately 1351 and 1590 cm
-1
, corresponding to the D and 
G bands of polycrystalline graphite. The D-band is generally attributed to defects and lattice 
distortions in carbon structures, while the G-band is characteristic of graphitic material, with 
crystalline graphite typically exhibiting a single peak centered around 1580 cm
-1
.
29
 The 
 13 
broadness of the D-band peak in pattern (A) would suggest a predominant composition of 
amorphous carbon in unmodified colloidal samples, which is consistent with the findings of 
TGA. Pattern (B) shows a single predominant peak for Ge at 296.37 cm
-1
 and lower intensity 
peaks for carbon at 1343 and 1575 cm
-1
 respectively. The slightly down-shifted position of 
the Ge peak for modified samples can be related to a quantum confinement effect seen for 
nanoparticles with diameters below their Bohr excitation radius. It is also noticeable that the 
Ge peak is asymmetric in shape, with a slight shoulder broadening out towards 240 cm
-1
. This 
shoulder can be attributed to the presence of native germanium oxide in the sample, where 
Raman scattering between 250 and 300 cm
-1
 is typical.
30
 It is probable that the higher signal 
strength of Ge in pattern (B) reduces the relative intensity for carbon in the sample given its 
predominant surface proximity. 
 
 
Figure 4. Raman spectra collected from carbon sphere samples before (A) and after (B) 
surface modification with Ge nanocrystals. 
XRD analysis was conducted to investigate the crystalline nature of colloidal samples both 
prior and subsequent to Ge modification. Figure 5 illustrates the resulting diffraction spectra 
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collected from samples of carbon spheres synthesized and functionalized at varied 
temperatures. XRD analysis of unmodified carbon spheres (pattern A), prepared in the 
complete absence of organo-metallic precursor, found the samples to be completely 
amorphous and void of any crystalline material, which is in good agreement with similar 
observations from TGA. As exemplified by pattern (B) of Figure 5, subjection of an organo-
metallic precursor at the lower temperature of 550°C, resulted in the emergence of a single 
peak position at 2θ = 26.52°, which can be matched to the characteristic (002) peak of 
graphitic carbon. XRD pattern (C) however, taken from a typical sample of Ge-C hybrid 
structures prepared at 650°C, gave broadened peak reflections at 2θ = 27.24°, 45.25° and 
53.62° respectively, consistent with the (111), (220) and (311) peaks of germanium’s 
diamond cubic crystal structure. While no crystalline germanium was identified at 
temperatures below 650°C, precursor decomposition was confirmed with XPS analysis, 
which identified an enclosing layer of amorphous germanium oxide across the surface of the 
graphitic carbon spheres (Supporting Information, S6). Scherrer analysis conducted using the 
(220) peak position of pattern (C) found the average nanocrystallite domain size to be ~28 
nm. The sharper peak at 26.51° was again matched to the (002) peak position of graphite and 
was calculated to a much greater crystallite size of over 235 nm. Given this large size, it is 
likely that the density variation identified in Figure 3b, between the core and outer surface, is 
due to the formation of an outer graphite layer around the existing amorphous carbon spheres. 
The appearance of graphite post-nanocrystal modification suggests that the introduction of 
the germanium precursor results in the formation of an outer graphite layer. To investigate 
this phenomenon further, the precursor was excluded from the system and a separate 
temperature study was conducted for carbon sphere formation at the higher temperatures of 
650-750°C. However, it was found that even at these elevated temperatures of carbon colloid 
synthesis a similar graphitic layer could not be grown, with amorphous patterns identical to 
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(A) being observed. The introduction of TEG to the system did result in graphite formation, 
even at the lower temperatures of 550°C which were insufficient for crystalline Ge growth. It 
is therefore noted that the presence of an organometallic precursor during high pressure 
synthesis, rather than elevated temperatures, induces the growth of graphite on the spheres.  
 
 
Figure 5. XRD patterns collected from amorphous carbon spheres prepared at 550°C (A) and 
colloidal samples functionalization with Ge at 550°C (B) and 650°C (C). 
The synthesis of colloidal carbon spheres and their subsequent Ge nanocrystal modification 
can be explained using two underlying growth mechanisms. Initially, sc-CO2 is pumped into 
a reaction vessel containing a small quantity of hydrocarbon oil, squalane. In supercritical 
fluid extraction processes, squalane is often used in conjunction with sc-CO2 and other 
entraining agents to increase the overall solubility of the fluid.
31
 In our case, the rapid 
increase in temperature to the squalane saturated solution of sc-CO2 induces carbonization of 
the suspended hydrocarbon components. Squalane has previously been reported to 
polymerize under these thermally oxidizing conditions.
32
 It is therefore likely that the 
increased molecular weight of squalane due to its polymerization causes precipitation from 
 16 
solution, generating the nuclei required for carbon sphere growth. This process of 
carbonization results in the formation of amorphous carbon spheres, the size of which could 
be precisely tuned by modulating the pressure of the fluid. The observation of pressure 
induced size control suggests a type of carbon sphere growth which conforms to the LaMer 
model.
33
 In a system governed by this model, the final particle density is proportional to the 
supply rate of the monomer and inversely proportional to the volumetric growth rate of the 
generated nuclei. Hence, the final particle size is controlled by changing the supply rate of 
monomeric precursor through changes in temperature or in this case fluid density. Hence, by 
simply varying the rate of monomer diffusion to the polymer nuclei during carbonization, 
colloidal carbon spheres of fixed sizes could be grown in a uniform and isotropic manner 
(Figure 6a). 
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Figure 6. SEM images showing the extent of Ge nanocrystal growth using 0 µl (a), 250 µl 
(b) and 500 µl (c) of TEG precursor. High resolution images of individual particles are inset. 
In the second stage of the synthesis, an organometallic precursor is decomposed in the 
presence of amorphous carbon spheres at further elevated temperatures. We have previously 
shown that in the supercritical fluid synthesis of nanocrystals, decomposition of dissolved 
precursor leads to the formation of nuclei which are sterically stabilized in the fluid while the 
crystal morphology evolves.
34
 In this study however, monomer diffusion seemed to be 
directed towards the large carbon spheres in suspension, culminating in the surface nucleation 
and growth of Ge nanocrystals. Marre et al. made a similar finding when they decomposed a 
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Cu based precursor in the presences of silica particles suspended in supercritical fluid.
35,36
 
One possible explanation for this is the observation of small depressions found dotted across 
the surface of unmodified spheres (Figure 6a, inset), which could act as low energy 
nucleation sites for crystal growth.
37
 The degree to which nanocrystal development occurs 
across the exterior of the spheres was found to be strongly dependent upon precursor 
concentration. The sequential rise in available monomer to the system had the dual effect of 
increasing nanocrystal size and surface coverage (Figure 6b-c). The driving force for the 
evolution of various different Ge nanocrystal morphologies is not entirely clear but given the 
lack of external growth directing agents, such as capping ligands, it is likely that the resulting 
crystal shapes formed were the most energetically favored given the constraints of sphere 
topography and monomer concentration. 
 
 
Figure 7. SEM images (a) and (b) show assemblies of amorphous carbon spheres and 
nanocrystal modified carbon spheres respectively. The contact angle images inset 
demonstrates the hydrophobic effect induced by each material. The photograph in (c) shows 
water droplets sitting on the surface of a silicon wafer coated with Ge-C hybrid structures. 
Having fully characterized the carbon spheres produced, layers of close packed carbon 
sphere assemblies were probed as potential superhydrophobic surfaces. The wettability of a 
solid substrate is an important factor for self-cleaning materials and is generally dominated 
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by its chemical composition and surface roughness. In this regard, the hierarchical structural 
design of Ge nanocrystals on micron-sized carbon spheres would be expected to exhibit a 
lotus type effect upon water droplets, given its higher surface roughness properties. To 
investigate this phenomenon, silicon oxide wafers were coated with arrays of both 
unmodified and Ge nanocrystal coated carbon spheres. Figure 7a shows an SEM image from 
a typical array of densely packed amorphous carbon spheres which resulted in hydrophobic 
contact angles of 120-125° (inset). This is in good agreement with similar reports of contact 
angle measurements for spherical shaped amorphous carbon material.
38
 According to the 
Wenzel model, the high curvature of the carbon sphere coatings increases the area in contact 
with a liquid droplet which in turn augments the hydrophobicity. In the second case, the 
addition of nanocrystals across the exterior of the carbon spheres (Figure 7b) resulted in a 
large increase to surface roughness, enhancing contact angles to a superhydrophobic range of 
165-170° (inset). However, the double rough effect of nanocrystal texturing of microspheres 
is more similar to the natural surface structuring of a lotus leaf which may be more accurately 
explained by the Cassie-Baxter model.
39
 According to this model, the contact of a droplet 
with a hydrophobic architecture is the combination of its contact with the actual material and 
the air pockets surrounding this material, increasing the apparent contact angle. The effect of 
this superhydrophobic coating is shown in Figure 7c, where surface tension in the liquid 
forms near perfect spherical droplets of water which exhibited roll-off angles of just 2-3°. 
From these observations it can concluded that the nanocrystal modification of micron-sized 
carbon spheres, greatly increases the superhydrophobic qualities of the material. 
 
4. Conclusions 
In summary, we present a novel and facile route to prepare colloidal carbon spheres of high 
quantity and monodispersity. We also show that carbon sphere diameter can be tailored to a 
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specific size of 300-1500 nm by varying the pressure applied to the supercritical fluid. The 
thermolytic decomposition of an organometallic precursor in a supercritical fluid can be used 
to nucleate and grow Ge nanocrystals of 10-40 nm from the surface of the amorphous carbon 
spheres. Nanocrystal modification is also revealed to induce the formation of a graphite shell 
around the spheres. Given the high temperatures achievable with sc-CO2, the proposed 
synthetic strategy of nanocrystal modification can be transferred to other material systems. 
Due to the unique architecture of the Ge nanocrystals on micron-sized carbon spheres, 
surface coatings of these materials demonstrate an exceptional superhydrophobic 
characteristic, which could be adapted for application in durable anti-adhesion and self-
cleaning technologies.  
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Complete Synthesis of Germanium 
Nanocrystal Encrusted Carbon Colloids in 
Supercritical CO2 and their Superhydrophobic 
Properties 
Colloidal carbon spheres are synthesized via 
the carbonization of squalane, a nonvolatile 
hydrocarbon solvent, in supercritical carbon 
dioxide. Sized controlled growth was achieved 
through pressure modulation of the fluid and 
resulted in self-assembling colloidal carbon 
spheres ranging from 300-1500 nm in 
diameter. Core-shell hybrid structures of C-Ge 
were subsequently formed by inducing the 
growth of 10-40 nm sized germanium 
nanocrystals from the spheres in a hierarchical 
bottom-up approach. 
 
 
 
 
 
